With the capacitive 8-channel EEG helmet system, the measurement of steady-state visually evoked potentials (SSVEP) has already been successfully demonstrated. To increase the signal quality and the user comfort of helmet and system control for BCI applications, colour and frequency of the signal-evoking flickering checkerboard pattern are changed from black/white and fixed frequencies to colour combinations of various frequencies. Individual optimal combinations and response variability between subjects are evaluated. Seven colour combinations and the stimulating frequency range from 6 Hz to 17 Hz were chosen for colour-frequency scans. To avoid the fatigue effect of long measurements, each scan was divided into parts, measured separately and assembled afterwards. Seven subjects were measured, three runs each. As expected, the optimal stimulation combination of colour and frequency varies a lot between the subjects. This confirms that an individual-optimized adjustment of the stimulation is recommended. It is indispensable for high performance applications based on SSVEP.
Introduction
Brain-Computer Interfaces (BCI) are alternative communication systems between human and machine without involving the brain's normal output pathways or peripheral nerves and muscles [1] . In contrast to commonly used human-machine interfaces, which require voluntary movements (e.g. to use a keyboard or steering wheel), they allow sending commands from brain to computer directly. Due to high time resolution and direct reflection of neural processes, electroencephalography (EEG) is mostly used for signal acquisition in noninvasive BCIs. Capacitive electrodes simplify the EEG measurement because they eliminate the preparation procedure known from classical EEG with galvanic contact via Ag/AgCl electrodes. With our capacitive 8-channel EEG helmet system, the measurement of brain signals has already been successfully demonstrated [2, 3] . Sources for BCI control can be separated into two main groups, externally triggered and not externally triggered [4] . There are several possible modalities for both groups based on different brain signals. Visually evoked potentials (VEP) are part of the triggered sources for BCI. In the retina of the human eye, two types of photoreceptors absorb entering light: rod cells and cone cells. Rod cells are very light sensitive but insensible for colours, whereas three different types of cone cells are responsible for colour perception. Contrary to the assumption that only the eyes are in charge of the vision, we know today that this is only the part of data acquisition. The main part of visual cognition takes place in the cortex of the brain. This fact is the basis of every kind of measured brain signal that is evoked by a visual stimulus [5] . The VEPs reflect the user's attention to a visual stimulus and can be recorded in the primary visual cortex, which is located in the back part of the human brain. A subcategory of VEPs are steady-state VEPs (SSVEP). They turn up if the repetition rate of the eliciting stimulus, which can e.g. be a flickering light or checkerboard pattern, is faster than the last response of the visual system vanishes [4, 6, 7] . SSVEP-based BCIs have received increased attention due to their relatively high reliability and bit rates [4, 6, 8, 9] . There are several approaches to further increase the applicability, respective stimulation methods, data analysis, bit rate, user comfort etc. [4, 8, 9] . Relating to stimulation methods and signal quality, colour of stimulation method is ranked as a relevant parameter [6, 10] but nevertheless not yet analysed in detail. In this experiment, to increase the signal quality and the user comfort of system control, colour and frequency of a signal-evoking flickering checkerboard pattern are changed from the common black/white and fixed frequencies to other combinations. Individual optimal combinations and response variability between subjects are identified by a colour-frequency scan and capacitive EEG.
Theory of colours
To carry out reproducible experiments based on colours, a quantitative description, combining colour physics and neurobiological processes, is necessary. The three fundamental ways of quantitative description are consideration of the purely physical representation of spectra, systems based on the responses stimulated in the human eye by visible light (CIE system) and systems based on the measurement of sensations in colour vision.
Compositions of different colours result in the definition of primary, secondary and tertiary colours. Basis for mixing print colours is the subtractive mixture. Each dye subtracts a part of the visible spectrum, so black is the result of mixing all dyes. Contrary, additive mixtures result from the combination of light sources, e.g. for television or PC screens. Primary colours are then red, green and blue (RGB system), mixing all primary colours with full intensity adds up to white [5] .
For this reason, the RGB system is the basis for colour decisions in this experiment. Based on the primary colours red, green and blue, the Commission Internationale de l'Eclairage (CIE) established a system in which the parts of red, green and blue of a specified visible colour are defined. Luminosity, dominant wavelength and purity can also be determined. These are three physically measurable quantities which correspond to the properties used for a subjective description of colour: hue (H), saturation (S) and brightness (B). The CIE system takes into account the differing sensitivity of the eye to different parts of the spectrum, but it's still based on measurement of the stimuli, not perception. For our experiments it is sufficient, but beyond that, you will need a system based on the measurement of sensations [5, 11] . On a PC screen, not all colours of the CIE system are reproducible. Generally, the RGB axes are each divided into 256 steps, each axis represented through one byte and its colour value. Colour values are often given in hex code, each colour is therefore represented through a six character code. Additionally, two more characters (the left ones) can optionally code the alpha value of transparency. In our case, the alpha value is always FF, i.e. non-transparent, see 
System
The lightweight capacitive helmet used for this experiment and introduced in detail in [3] was especially constructed to measure visually evoked potentials. Additionally, the wearing comfort, which depends particularly on the weight, was focused on. For this purpose, the number of electrodes was reduced to eight. Instead of a full 10-20 system of electrode placement, only the essential electrodes for the occipital cortex (O1, O2, Oz), the motor cortex (C3, Cz, C4) and, additionally, Pz and Fz were integrated, see Fig. 1 .
The capacitive sensor, integrated in the electrodes of the helmet, was presented in [2] and [12] . As already mentioned, stimulation, data transfer to a PC, data analysis and output of the processed brain signals as commands or feedback to the user are part of a BCI system in addition to the EEG recording. Fig. 2 illustrates the system for a SSVEP-based BCI. To optimize the SSVEPbased BCI, the experiment described below relates to the first part of this process. This time, there's no online data analysis and feedback, recorded data are analyzed offline afterwards. 
Methods
After developing the required control software, seven colour combinations (CC) and the stimulating frequency range from 6 Hz to 17 Hz were chosen for colourfrequency scans. To avoid the fatigue effect of long measurements, each scan was divided into parts, measured separately and assembled afterwards.
Experimental setup
The experiment was carried out in a laboratory environment, i.e. without ambient noise and disturbing actions, but also without special shielding arrangements. The subject was sitting on a comfortable office chair and placed in front of the stimulation screen. She/he was prompted to adjust the chair and screen in height and distance to each other as it's comfortable for her/him. Most subjects chose an eyes-to-screen distance between 40 to 60 cm. Due to little daylight, the permanent electric light provides a constant illumination situation during all times of the day. For presenting the stimulation, a 19 inch LCD Flat Panel Monitor with 75 Hz screen updating rate was used. Due to the fact that this experiment is a pilot study to give reasons for further research, the subjects aren't chosen statistically representative. Nevertheless, they are part of the group of young adults who are the prospective users of any application controlled by BCI in future.
Subjects
Seven subjects between 24 and 35 years were measured, two female and five male volunteers (Tab. 1). The male subject no. 7 has a diagnosed red/green blindness.
Measuring process
Each subject was measured with stimulation by seven colour combinations and 12 frequencies, from 6 Hz to 17 Hz in 1 Hz steps. One measurement took 30 s. For one colour-frequency scan, this means a pure measurement time of 7*12*30 s = 42 min. Each measurement was repeated three times, which sums up to 126 min measurement time plus rest periods for each subject. This was divided into seven sessions per subject, each with measurements of three colour combinations over all frequencies. Full CFS were assembled afterwards. One checkerboard placed on the right side, one on the left side of the screen, the subject was asked to focus at first the right one for 30 s, followed by the left one for 30 s and a 30 s rest period afterwards. Then the next two measurements right/left followed.
Chosen colour combinations
Based on the RGB colour system and with regard to the differing spectral sensitivities of cone cells, seven colour combinations (CC) were chosen for this experiment, as illustrated in Fig. 3 . CC 1 is the standard black/white combination, which is kind of a reference to evaluate results based on other combinations. CC 2, 3 and 4 are pairs of primary colours, CC 5 is a pair of secondary colours. CC 6 is a pair of one primary and one secondary colour which are complementary and CC 7 a pair of tertiary colours with little contrast. In the context of colour theory and colour representation, the stimulation screen was not changed during the experiment to present equal colours to all subjects. An additional calibration of the screen was not necessary for this first pilot study. 
Analysis
With a sampling frequency of 1 kHz, measured data were transferred to the PC. Calculation of the FFT (offline, 30 s single segment length, Hann window) and PSD (power spectral density), see [13] , was followed by SNR (signalto-noise ratio) evaluation for each measurement and channel. The SNR was calculated according to formula (1). High-order harmonics were not considered.
In formula (1), 0.1 is the maximum peak of PSD in a range of ± 0.1 Hz around the stimulation frequency and 1 the maximum peak of PSD in a range of ± 1 Hz, disregarding the signal peak. Due to the aspired applications based on feature extraction and classification (see Fig. 2 ) of known stimulations, the noise range of ± 1 Hz is suitable. Noise components in other parts of the spectrum can be disregarded. Due to the visual stimulation, only channels O1, Oz, O2 and Pz were analysed, from which the average of the two highest values is considered as the SNR of the measurement. Further analysis and comparisons are based on this value. For averaged analysis, arithmetic mean value and empirical standard deviation were calculated.
Results
Fig . 4 illustrates the results of the three averaged CFS for each subject. As expected, the optimal stimulation combination of colour and frequency varies a lot between the subjects, as can be seen for example in comparison between CFS of subject 1 and 5. 5 presents an overview of all subjects and frequencies, averaged over 21 measurements each. Low frequencies from 6 Hz to 8 Hz never induce maximum brain response, therefore they could be skipped in future experiments. Moreover, frequency for optimal stimulation varies be-tween 9 Hz (subject 7) and 17 Hz (subject 2). Additionally, based on the average SNRs of different subjects, it may be concluded, that the results divide the subjects into two groups. Group 1 (subjects 3, 4, 6) has a high SNR on average, which means a general strong reaction to SSVEP stimulation. Group 2 (subjects 1, 2, 5, 7) has a lower average SNR.
Figure 5
Comparison of frequencies for all subjects; SNR averaged over 21 measurements per frequency; colour disregarded.
Figure 6
Comparison of colours for all subjects; SNR averaged over 36 measurements per frequency; frequency disregarded.
In Fig. 6 , all subjects and colours are illustrated. There clearly is the need to question the black-white combination, because for many subjects, different colours induce better brain responses. Contrary to the frequency scan, there is still no definite trend for or against certain combinations in this sample of subjects. Subject 7 with red/green blindness reveals a low SNR for all colour combinations, especially the ones with red and green.
Conclusion
The results confirm that an individual-optimized adjustment of the stimulation is recommended for every application based on SSVEP. While the subject-related optimal colour combination varies over all tested options, the optimal frequency ranges between 9 Hz and 17 Hz. For further development of the scan process, the latter could be used to reduce the measurement time.
In addition to the presented results, daytime effects and right-left preferences were analyzed, but without significant results. For this purpose, a representative sample of subjects has to be included. Furthermore, a complete scan of the colour space would be worthwhile, but due to the long measurement time, optimisations regarding the CFS process would be necessary before.
The results for the subject with red/green blindness can be treated as a hint for further experiments and applications. In summary, it could be demonstrated that an individualoptimized stimulation for SSVEP in terms of colour and frequency is elementary for high performance applications that are based on this paradigm. In combination with capacitive electrodes it provides a promising measurement set-up for BCI. In further analysis, the effects for sequences of machine learning and online data analysis should be focused on.
